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Soft superweakCP violation in a 3-3-1 model
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We show that it is possible to implement soft superw€dkviolation in the context of a 3-3-1 model with
only three triplets. AlICP violation effects come from the exchange of singly and doubly charged scalars. We
consider the implication of this mechanism in the quark and lepton sectors. In particular it is shown that, in this
model, as in most of those which incorporate scalar mediatediolation, it is possible to have large electric
dipole moments for the muon and the tau lepton while keeping small those of the electron and neutron. The
CKM mixing matrix is real at the tree level but gets a phase at the 1-up loop [S8856-282(199)04117-X]

PACS numbes): 11.30.Er, 12.60.Cn

I. INTRODUCTION (VEV) of the three triplets are also complex. HenC& is a
symmetry in the full bare Lagrangian but in the trilinear term
The origin and the smallness @P violation are still  inthe potential, in particular all Yukawa couplings are real at

open questions. In the context of the electroweak standardiee level. We will show that the model is a realization of a
model[1] the only source o€ P violation in the quark sector superweakCP violation [9] in the sense that all flavor
is the surviving phase in the charged current coupled to théhanging phenomena other th@r violation are accurately
vector bosonW= [2]. This is called explicit or harccp  described by the real Cabbibo-Kobayashi-Maska@KM)
violation. On the other hand there is @P violation in the  Matrix sinceCP violation is restricted to one operator of
lepton sector at lower orders since neutrinos are massless dimension thre¢10].

Although this is an interesting feature of the model it If the condition that exc_:ept_in the trilinear ter@P is a.
leaves open the question of wiBP is so feebly violated. It symmetry of the Lagrangian is assumed, we have verified

is well known thatC P is softly broken if it occurs through a thatit is possible to choose the physical phases in such a way

dimensional coupling in the bare Lagrangian and/or spontat-hat the only places oL P violation in the Lagrangian den-

. ) it th lated with the singl d doubly ch d
neously. The possibility thaf P nonconservation arises ex- Sty are those relared wi © Singy and doubly charge

: : . scalars which are present in the model.
clusively through Higgs boson exchange is a rather old one. This work is organized as follows. In Sec. Il we review

It can be implemented in a spontaneous way as was pProposggh Higgs sector of the model. We consider in particular the
by Lee[3] or, explicitly in the parameters of the scalar po- minimization of the scalar potential and we also give the
tential, as proposed by Weinbejg,5]. Of course, both pos-  gefinitions of the Goldstone and the physical scalar fields of
sibilities can be mixed. Since the works of Lee and Weinberghe several charged sectors. In Sec. Ill we study the Yukawa
it has been known that in renormalizable gauge theories thixteractions showing how the VEVs phases can be absorbed
violation of CP has the right strength if it occurs through the in the fermion fields in some places of the Lagrangian den-
exchange of a Higgs boson of maslk,, i.e., it is propor-  sity and that they only survive in the sector involving both
tional to GmeZ/M2 , wherem; is the fermion mass. Since simply and doubly charged scalar fields. In Sec. IV we show
then, there have been many realizations of that mechanism that there is noCCP violation in the vector boson-fermion
extensions of the electroweak standard model. Even if wénteractions. The phenomenology of the model is considered
insist that theCP violation arises solely through the Higgs in Sec. V while our conclusions are in the last section.
exchange we have several possibilities in the standard elec-
troweak model with several double{t§]. Il. A MODEL WITH THREE SCALAR TRIPLETS

Some years ago it was proposed a model based on the
SU(3)c®SU(3). ®U(1)y gauge symmetry with exotic As we said before, here we will consider a model with
charged leptonE7]. In this model since the scalar multiplets SU(3)c®SU(3) . ®U(1)y symmetry with both exotic
transform in a different way one from another the scalarquarks and charged leptofi. In this model in order to give
potential is constrained in such a way that even with thregnass to all fermions it is necessary to introduce three scalar
triplets there is not spontaneo@® violations[8]. Here we triplets. They transform as
will show that it is possible to have so@P violation be-

cause the coupling constant of the trilinear term in the scalar X "

potential is complex and the vacuum expectation value =l x  |~3-1, p=| ° |~31),
XO p++
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The more general scalar potential invariant under the gauge symmetry is
V(x, 7.p)=pix x+usn' nt u3p’p+ (aeyxipjmctH.e)
+ay(x )2+ ax n n)?+az(p’p)2+as(x x) (0" n) +as(x'xX)(pp) +as(p'e) (9" m) +as(xTm) (9 x)
+ag(x"p)(p"x) +as(p ) (7'p) +[asdx M) (p 7)) +H.cl. ()

All terms of this potential but the;, term conserve the total phases in Eqs(3) can be transformed away with a &)
lepton numbetL (or L + B, whereB is the baryonic numbgr  transformation; whenever we do that we will mention it ex-
The minimum of the potential must be studied after the shift-plicitly and we will always choos#,=6,=0.

ing of the neutral components of the three scalar multiplets

in Eq. (1). Hence, we redefine the neutral components as

follows: A. Doubly charged scalars
v, XO+il? v, XO+il 9 In this sector we have the following mass matrix in the
7]o—> —\ 1+ , p0—>— 1+ , ( ++ ++)T basis
V2 v, V2 IVl P X
X%+i1° © A aivt  a
Xo_)V_X( 4+ X X) —8|v 24— — e T8,
2\ 2 TR e 2
| ®)
wherev,=|v,| €'% with a=7,p, x. _ 3 |v 24
The condition that the first derivative of the potential in \/_|Vx|2

Eqg. (2) is zero(i.e., no linear terms in all neutral fields must
survive) implies the following constraint equations:

a a where we have defined=Re(av v v ).
_4|V7/|2|VX| + _5|Vp|2|v)(| +M§|Vxl+al|v)(|3 As expected, we have a doubly charged Goldstone boson
2 2 G** and a physical doubly charged sca¥f *

—=—Relav,v,v,)=0, (4a) _
fl Vil " <p++)_ 1 ( vl —lv, e
- - ‘0
3 ay 2 8 2 2 X++ (|VP|2+|VX|2)1/2 |VX| e'x |Vp|
a2|V7]| +?|V)(| |V77|+?|Vp| |V7]|+/J’2|V17| G++
Y++) (6)

—=—R&av,v,v,)=0, (4b)

flnl

with the mass square of the"* field given by
—Ivnl |Vp|+ 2Vl [v |2+ v, | +aglv, 2
A
2
MY++: E

1 1
—)—%dvxvav). @

Vyl? Iv,l?

1
+——Reav,v,v,)=0, (40

V2lv,|

and, finally . . . . 2
Notice that this mass is proportional fie|v, and|v,|, here

Im(av,v,v,)=0. (4d) || is an arbitrary mass scale while, | is the VEV that is in
control of the SU(3) symmetry and so it is the largest mass
Before considering how many physical phases will sur-scale of the model. So it means that the doubly charged
vive in the potentialthis must be done by taking at the same scalar might be a heavy scalar.
time the Yukawa interactionsve will study all scalar mass
eigenstates in the model. Recall that we have to verify where
the VEV'’s phases appear in the several sectors of the La- B. Singly charged scalars
grangian that is, in vertices and in mixing matrices. Hence,
we will firstly write down explicitly the mass and mixing Next, for the simply charged scalar fields we have, in the
matrices of each charged sector of the model. Two of thé»; ,p*,7, ,x™)' basis,
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dg A dg VX aqo aqo
- |v, |+ 5 S VAVt —= — 5 ViVY — Vv,
2 ﬁ|\,”| 2 J2 2 2
—@|v 12+ A _ 810« _ 8w o
2 7 \/§|Vp|2 2 x°7 2 7
. ®
ay 2 A ay o Vp
—7|le + ;. T VWVt
2y, 2
a A
- VLSS 5
2 V2lv,
|
Notice that ifa,;o=0, »; andp™ decouple fromy, andy ™. A A A
Hence, the mass matrix in E¢B) is reduced to two X2 5
mass matrices and we have two Goldstone bossnsand V2lv, 12 V2lv vl V2lvlvy
G, ; and two massive field¥; andY, , A A
(13
. . V2lv 2 V2lvylIv,|
71 1 _|V77| |Vp| Gl
ot (v 2+ v, YR vl vl ) © A
n 4 \/§|VX|2
with T
inthe (I, X) basis. There are in fact two neutral Gold-
stone bosonsz1 and G) (as it must be since we have two
2 _ ﬁ 1 1 _ % 2 2 massive neutral vector bosodsandZ’) and a physicaCP
m+ (v le+]v,[?), (10) e M
voN2\ v, 2 v,2) 2 odd scalar fielch®. Explicitly we have
and |V | _ |Vp|2|v7]| |Vp||v)(|
; vl v (6 DL e e | [
n 1 —|v Y, G 7 2
R ( |1y ( ) a O I 7 R 2 R VA A1 e
XTh (v P v DY =il gl Y2 ’ Ny N, N3 ’
19 ) ho
ith 0 |V)(|N1 |V77||Vp|
wit N, Na
(14
Al 1 1 ) a
2 7 2 2
M= —=| ——+ —— | (v 2+ ]v,). (12
Y, \/5 |V77|2 |VX|2 2 Yx Y where
— 2 2\1/2
There are 5 phases in the matrix in Ef), two of them Ny= (v, "+ v, 9™
can be transformed away with a &) transformationthere
when we do that we will choosg,= 6,=0). The other three No=(|v,|2|v,|*+|v,|*v,|?+]|v |2N4)1’2 (15
. . 7 p 7 4 X 1 )
phases can be absorbed by redefining three scalar fields.
However these phases will appear in the Yukawa mteractlona d
or in the scalar potential in terms likggx " 7°p~ 7°. Hence,
there isCP violation in the propagators of the singly charged B 2 12 2 12 21 |2n1/2
scalars ifa;p#0. Since we wanCP softly broken we will Na= (v %[Vl + [V [#|v, v, *v, [ (16)
consider hera;q=0 with the singly charged scalar given by
the expressions above. and with the mass of thie® field given by
C. Neutral scalars A 1 1 1
. . , Mi=—=| ——+—— 5] (17)
Finally, in the neutral sector we haveP even fields, V2 Vol2 Ivl® vyl
denoted here by?, andCP odd fields,G? ,,h°.
In the CP odd sector we have the following mass matrix:  In the CP even sector we have the mass matrix
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A

—2a,|v, |+ ——— —ag|V, ||V, |- —=——— — |V, ||V, |- —=———

N R ATV VT
A A

~2agv, | —— —aglv, v |~ ———— (19
RENAVIE REEENCTVRTIV
A
_281|VX|2+W

X

in the (X3,X%,X%)T basis. All those scalars are physical but

we will not write the respective mass eigenstdteg]. It is _EY:QiL% (G1aU a7+ G1aD rP)

enough to stress thaX?=OHH? where a=7,p,x; i

=1,2,3 andO" is an orthogonal & 3 matrix. — , ~
+2i QiLz (FiaUaRp*+FiaDaR77*)

IIl. YUKAWA INTERACTIONS — _
. . , +01Q7 Jirx+ 2 NimQp Irry* +H.C., (20)
Here we will consider the most general Yukawa interac- i,m
tion with real coefficients which is invariant under the gauge . , . )
symmetry. However, there are flavor changing neutral curl€réi =2,3 and we will assume that all coupling constants in
rents through the neutral scalars and since these fields gE@: (20) are real. In the following subsections we will ana-
nonzero VEVs as in EqQ3) it is not straightforward to see Y2&, case by case, all the charged sectors.
which phases can be absorbed by redefining the fermion
fields or which of them, and where, survive in the Lagrang-
ian density. After the spontaneous symmetry breaking the VEVs of
In this section we will show that it is possible to choosethe neutral scalars are arbitrary complex numbers, as dis-
that all Yukawa interactions which have a counterpart in thecussed in Sec. Il. Using the shifted neutral fields, given in
standard model ar€P conserving. Hence, alL P violation  Eq. (3), from Eq. (200 we obtain the interactions of the
effects arise from the singly and/or doubly charged scalargquarks with the neutral scalars.
fermion interactions. The vector gauge interactions with the In the u-like sector we have the interactions
fermions are alsdCP conserving including the singly and
doubly charged bileptons as we will show in Sec. IV.

1. u-like sectorneutral scalar interactions

_ 0 - 0
_£$_U1LE G1.U r7 +§ UFnLZ FiaU,rp * +H.C.
o o

. . (21
A. Quark-scalar interactions

First, let us consider the quark-scalar interactions. The In this and in the following sections we will not use the

quark multiplets are the following: freedom of choosing two phases equal to zero because we
want to see how many phases can be absorbed in the fermion
up dr, fields. Redefining the phases of the following field4]:
QJ,.L: di ’“(3.%), Qr,nL: uf’ﬂ ~(3*,— %)' U";REeioﬂU;R, U;fm_Ee_in %) Ur,nL’ (22
J I

L L

(199 the mass matrix of tha-like sector becomes real and can be
diagonalized by real orthogonal matricéy’ ¢ (recall that
a=1,2,3 andm=2,3):

and the respective right-handed components in singlets

(O)TTUOE=M"Y=diag m,,m;,m,), (23
U;R~(3,1,2/3), D;R~(3,1,—1/3), JiR~(3,1,5/3); with
Y (3.1,—4/3 (19 |V77|G11 |Vn|GlZ |V7,|G13
mRoAm 7 F”ZE IVolFa1 [VpIF22 [V,IFas|. (24

|Vp|F31 |Vp|F32 |Vp|F33
wherem=2,3 anda=1,2,3.

With the quark multiplets in Eq$19) and the scalar ones Symmetry eigenstateingly and doubly primed fields
in Eq. (1) we have the Yukawa terms are related to the mass eigenstates fiel@dst as follows:
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n

i

Uy u 1R u

uy | =0}l c| , Ul | =OR| € (25
n "

Uz, t/ Usgr t/

The Yukawa interaction in Eq21) can be written as

0_:0

_ _ il

—LY=U M"Ug+ ULM“UR—fV | .
p

0,:0 0_:0
X,]+|I,] Xp |Ip

+U (0OHTAOYMUU - +H.c.,
L( L L R |V77| |VP|
(26)
with
100
A=l0 0 0 (27)
0 0O

Since there is no mixing among's and|’s we have no
CP violation in this sector.

2. d-like sector-neutral scalar interactions

Similarly, in the d-like sector, the interaction with the
neutral Higgs scalars are

_l:dY:E:’LL; élaD;RPO‘F% _r,nLg FrnaD Lg% +H.c.

Making the following phase redefinition

Dig=€%D/g, dn=e'"%*%Wd (29

PHYSICAL REVIEW D 60 076003

g = _ X0 —il?
—£Y=DLMdDR+DLMdDRT
7
_ XO+i19  x%2—j 0
+D (0HTAOIMID, ’l’v | L ’|’V | K
p 7

+H.c.
(33
Again, we see that iK’s andl’s do not mix among them
we have notCP violation through the exchange of neutral
fields. This is the case of the model with only three triplets in
Sec. Il.

3. Exotic quarks-neutral scalar interactions

In the sector involving exotic quarks we have
— LY = M1l 2 N Ik ™ FH.C. (39)

Making the redefinition of the right-handed components
of the exotic quarks

1r=€%Jip, Ing=e Il p, (39
we have
— v |( X%+il©
_EJ:)\ J/ " X 1+ X X
Y 1Y1LY1IR \/E |VX|
— |vX|( X9—il?
+ 20 NimdilImr——=1 1+ +H.c.
i§,r:n mviL mR\/E |VX|
(36)

Notice thatd; (or J]) does not mix with any other quarks

we obtain a real mass matrix which can be diagonalized wittbut J; 5 (or J; 5) mix between themselves since they have the

an orthogonal transformation

(0HTTIO%=M=diag my,ms,my), (30)
with
|Vp|éll |Vp|612 |Vp|él3
FdE_ |V77|T:21 |VW|E22 |VW|E23 (31)

|V7;||~:31 |Vn||~:32 |V7,||~:33

The symmetry eigenstatesingly and doubly primed
fields) are related to the mass eigenstdtesprimed fieldsas
follows:

dy d 1R d
a | =08 s, D | =08 s| . (32
3L b/ Dir R

and the interactions in E428) become

same charge. Here we use, when necessary,

3=J) and () pn= (O @miliLRi, (3D
Oi,R are orthogonal X2 matrices; wherd andj; and now
with i=1,2 denote mass eigenstates, i.e., the mass eigen-
states in the exotic quark sector will be denoted when nec-
essaryd for the charge 5/3 quark arjd , for the two charge
—4/3 quarks. Hence E@36) can be written in terms of mass
eigenstates exotic fermions
_ 0+il0
_;C%: mJJLJR 1+ %

Al
+H.c.,

whereM’=diag(m; ,m; ).

4. Singly charged scalarquark interactions

The interaction Lagrangian is
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_£$_d:2 (aLGlaU&RUI +U§.LélaD;Rp+) _Eif_XZE J_LGlaO;aﬁU,BRﬂ;e_m”
7 ’ — T ’ m;V2 — i
-I—mZ (A FiaU rp~ tun Fia aRnI)-I-H.C. 4 %—UL(OE)TAJRXeIHX
, X
(39
_ - . + EB&OE)T‘(O%)TWI rx e T 0nm 00
Using the phase redefinition of Eq22), (29), and(35) in |VX|
Eqg. (39) we have +Hec., (42)
_EudeEBL(Od)TKlouMuURp— where we have already used E¢®2) and(29) and defined
\% |vp| L L
\/_ 0 0 O 0 O 0
_ 2 — ~
+UL<OE>TKZOEM“DRmnI =0 1 0|, Mm=[{0 M, 0 |,
7]( 5 001 0 0 m,
_ 2 2
+D L (OHTKLAOIMUUR — 71 — —} .
HOURKAOM R [T~y 1P Te=diag0,s,i). 43
o 0 V2o o2 The phases of the fields;, andd}, (and those of thel;,
+UL(O]) Ko AO{M"Dg WP - mnl andJ/,, too) are, in principle, still free. However, we can not

change the phases of these fields unless we change the
+H.c., (400  phases in the Eq$21) and (28) [or also in Eqg40)]. Not-
withstanding, the phases in those equations have already be-
ing absorbed after the redefinition given in Eq82) and
—di ~i0, A0, if —di —i0, Aif, Aif (29), respectively. We can not absorb phases any more so we
Ki=diage "n.erets) and K =diage Tr.etre (Z)l) have CP violation through the exchange of the singly
charged scalars which are coupled to the exotic and known
Notice that if we consider the more general potential, i.e.quarks. Hence, we have shown that the only phase redefini-
with thea,term, we have, according to the E8) a general tion in the quark fields are those in E¢g2), (29), and(35).
mixing among all singly charged scalars. Ther€B viola- It means that the observab®P violating phase is Im, (or
tion through the exchange of a singly charged scalar in this-Ima). This will be also the case in the interactions with
case. However, when we consider the case wigs 0 the  the doubly charged scalars.
mixing in that sector is given by Eq€9) and(11) and there
is no CP violation in the interaction of Eq(40) if we also

being

5. Doubly charged scalarquark interactions

chose that,= 6,=0 by making a S(B) transformation. The doubly charged Higgs scalars couple the known
Finally, we have the interaction involving the exotic quarks with the exotic ones and by using E@2) and (29
quarks, we have
|
—Ly *= Ea: ‘J_LélaogeaﬁD,BRerJreii 0"+i g;/; Ju(ODFL0 EaﬁUBRpiieii “1+H.c., (449

p=1, 2, 3,1=1, 2, and

mJ\/E

— i 2_ . ~ '
= |V | DL(OCE)TA JRX——e—|€X+ £ULA(OE)TOEMJTRX++9|(0X_0P_€”)+H.C., (44b)
X

_ﬁi—x
Vy

where we have omitted matrix indices in the last equation. From the same argument of the preceding subsections we can see
that there isCP violation in the doubly charged Higgs exchange too. The figld$ and y** are given in terms of the
respective mass eigenstates in ). Fermion fields are all the mass eigenstates.

B. Lepton-scalar interactions

Now, let us consider the leptonic sector. The leptons are assigned to the following representations:

076003-6



SOFT SUPERWEAKCP VIOLATION IN A 3-3-1 MODEL PHYSICAL REVIEW D 60 076003

4 2 —
: e SRy

Va=| 1"z | ~30; Ig~(L-1), iz

E." 2 .
alL + £ v KMEEgy ™ e x %)+ Hc,,
(45) vyl

Eir~(1,+1), a=1,23. (51)
The Yukawa interactions in this sector are where we have defined

_EIY:ngEaLl{)E P'*‘G;\bbJaLEE)JRr x+Hc. (46 v =v,07e %, (52

Next, we will consider each type of interactions as we did inand = (OL)TOL We see that even if we choogg=0 the

the quark sectors. phased, survives and we hav€P violation by the singly
charged scalar exchanging, i.e., in the neutrino-exotic lepton

1. Lepton-neutral scalar interactions vertex.
In this sector the relation between the symmetry eigen- _ )
state fields E,,12,) and the mass eigenstate fields ( 3. Lepton-doubly charged scalar interactions
=e,u,7; Ej=E.,E,,E3) is obtained through orthogonal The interactions with the doubly charged scalars in the
matrices(note that in the leptonic sector1,2,3) lepton sector are given by
12,=0%liL, 1ir=08alir, V2 — _
alL Lai'iL aR Rai'iR _LII{E_|V | EL/CTMe| Rp++eﬂ9"
P
Ea=OLaEiL, Ear=ORaEi (47 5 |
L KMEERy ™ "e "%+H.c. (53
The respective mass matrices are defined as follows: | X|
v | As in the previous case we ha@P violation in the doubly
Me:T;(OE)T Ge 08, charged scalar sector even if we chogge-0.
IV. GAUGE INTERACTIONS
ME:|V_X|(0 )T GE O (48) Next, we will verify in what conditions all phase redefi-
L ’ .. . . .
N nitions that have been done in the previous section do not

appear in the vector boson-fermion interactions.
with M®=diag(m,,m,,m,) and M E= diag(mEl,mEz, mE3).

Notice that the exotic lepton masses are proportional to the A. Quark-vector boson interactions
larger VEV,v . We see that there is rOP violation in this With the redefinition of the phases in Eq€2) and (29)
sector too. , , the mixing matrix in the charged currents coupled to\tife

In terms of the physical lepton fields we have is real
2 ||O W g—
EY_leLM IeR+E M ER+|GLM leR | | EY q:_EUL’tuCKMDLW:;dl—H'C" (54)
_ X0+l _ _ _ g
+ELMEER|—|+H.C., (490  with the CKM matrix defined a¥cxu=(0)TO}. So we
X

have noCP violations in this sector. Similarly, we have in
the charged currents coupled to the vector bileptéhsand

and we have redefined the right-handed lepton componentg) - -
lir=e€"lir, Ejr=¢€"Epg, (50)

_ g
[,¥ I=— \/5 JlL?’ Uy — 2 dit Y*JIme V (6% )
but however we have omitted the double primed in &§).

+H.c. (55)
2. Lepton-singly charged scalar interactions

The interactions involving singly charged scalars are  and
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_ 9 (= - —— 9 — m i
rY=a— _ 23 ugl =S U 3 U e ity LEC=—- = KW+ g YK T Vel
Y 5 w Yy ay ;n iLY Im Y, I /—Z(VLY W, T y*K vV,
+H.c. (56) — gy KILU S +H.c), (58)

However, we always can choosg,=v,=0 by using a
SU(3) transformation. Hence, we will not ha@P violation ~ Where X=(0{)TO/ and we have used the redefinition of

in the bilepton sector. the neutrino fields in Eq:52). Although a phase appears we
can always choose it as being zero by an3Uransforma-
B. Lepton-vector boson interactions tion.

We see from Eq(58) that for massless neutrinos we have
o mixing in the charged current coupled\/(sqf but we still
have mixing in the charged currents coupled\tg and
U, ". That is, if neutrinos are massless we can always

The charged current interactions with the vector bosons i
the leptonic sector are

LyC=- %E (LY W, + iy Y, chooser| =1, OF . However, the charged currents coupled
' to V; and U;+ are not diagonal in flavor space since the
+%L7’M|iLU;+ +H.c), (57) ~ Mixing matrix X survives. Thus, there is n@P violation in
this sector if we use the freedom to choake-=0.
where all fields are still symmetry eigenstatesit we have The pure gauge boson interactions also conséreif
omitted the primg Then, the charged current interactions inthe SU(3) gauge and U(1y vector bosonsWw? with a
terms of the physical basis, using Ed7), is given by =1,...8, andB, respectively transform as
|
cP
(W3 WAWS W W2 WO W WS B, )— — (W, — W2K W3, — W WK, — WEk W7k, WEK B, (59)

It means that the physical fields transform as

CP
(W+ 1V:; 1U;+ 1A,u 1Z,u 'Z/’L)H_(W,U-*,_V,U-*,_U,U-**'A/-L,Z/-L,Z/,U-). (60)

We have shown that if all term, except the trilinear term[15]. For my~ 150 GeV the constraint coming from the ex-
in the scalar potential consen@P this symmetry will be  perimental value ofAM implies (©%);,(0%);,<0.01.

broken when the neutral scalars gain a complex VEV. There are also tree level contributionsAd/, coming from
the Z' exchange which were considered in Ref6]. Simi-
V. PHENOMENOLOGICAL CONSEQUENCES larly for the mass difference d83—BY, BY—B?, andD°

— DY systems. However, in the present model, @ vio-
lating parameters likesx have only contributions coming
from box diagrams involving two doubly charged scalars as
can be seen from Fig. 2. The dire€ violation parameter
ey has contributions at the 1-loop level too, as is shown in
elr:ég' 3. There are penguin contributions only at the 2-loop
level as we will see later on.

As it is well known, the violation of theCP symmetry
was discovered in 1964 in th€®—K° system[13]. Up to
now, it is only in this particular system in whid@P violat-
ing effects has been seen. If the source ofGHeviolation is
the weak interactions we expect also to see its effecB in
decays. However, only a general discussion is presented h
concerning the mesons cagkl]. On the other hand a de-
tailed study of the electric dipole moments of the neutron
and charged leptons is shown.

A. Quark sector
1. CP violation in the neutral meson systems ~ >--c-e-to-

In Fig. 1 we show the tree level contributions to the mass
difference AM=2ReM;, (where M ,=(KO|H4KO)).
These diagrams exist because of the flavor changing neutral _
currents in Eq(33) and in the couplings with th&'°. The
H%s contributions toAM, have been considered in Ref. FIG. 1. Tree level contributions tAMy .
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dr Jr, Jr s[ for the neutralBs system. We see from Eqé51) that the
orthogonality condition implies that if we have chosen two
of the €k B, B, Parameters the third one is fixed. A similar

++i y—— . . : .
Y * TY analysis follows from Fig. () and the equivalent diagrams
! ! for the B systems.
55, Jr Jr, dp _In the D mesons case the mixing matrices involved are
different since in these models the left-handed mixing matrix
(a) O/ survives in different places of the Lagrangian so it is not

natural to set them equal to zefsee below. Hence, we see

. . that all CP phenomenology in the meson systems can be
i E accommodated, in principle, in the present model.

Y++f ty—— Concerning the direcE P violating parameters its con-

dp Jr, Jp SL

tribution for the neutral kaons comes from diagrams like the
= one in Fig. 3(and the one with the line ofs andj, , inter-

SR JL dp changed The vertices are given in Eq&2) and (44b) and
(b) we see that there is a GIM-like cancellation between the
contributions ofj; andj,. It means that the suppression of
FIG. 2. Some of the box diagram contributionsst@ndM . € does not give necessarily a strong constraint on the

masses of, ,. There are similar diagrams with the" sub-
Although we will not make here a detailed calculation of stituted by av~ vector bilepton and mass insertions in the
ek andey and the respective parameters in 3@%53 and  exotic quarks lines. More details will be given elsewhere
Bg_gg systems we can notice that in principle the modell14] however since t-he contributions given in Fig. 3 depend
can give values for thes@P violating parameters which are ON the masses of thi , exotic quarks it seems no problem
in accord with data since they depend on different mixingt® Produce the value
matricesOE"‘,’q. From Egs.(44a and (44b) we see thaky

comes from diagrams like those shown in Fig$a)2and Re(3> =0.00200t 0.0003Qstah = 0.00026 sysh
2(b). (There are two other diagrams as the ones in Figs. 2 but €K
with the lines ofY andJ interchanged.There are diagrams +0.00019 MC staf (62)

similar to those in Figs. 2 but with one of the scalar bileptons

being changed by a vector bilepton and with no mass inselobtained recently by the KTeV collaboration at Fermilab
tion. These contributions are less suppressed by the mixing 7,18. Hence in this model we have naturally that De’|
angles than by the vector bilepton mass. <le|.

Similar diagrams do exist for the oth& mesons. The As in the case of the parameters, once we have chosen
coefficient of the amplitude produced by diagrams like thathe appropriate value of the mixing matrix elemerdsd
in Fig. 2 are proportional to the several mixing matrix ele-yykawa couplingsfor explaining the observed value in the
ments and Yukawa couplings. For instance, for the nedtral KO— KO system, we can still choose teeelated to theB or

system, fr_om ::ig. @), up to a sin(4,) factor the amplitude to theBg systems but not for both at the same time. The third
'S proportional to one has to have a small value &f due to the orthogonality
of the mixing matrix.
G1(OR)a1(OD)21G15(OR)m(OD 1, (613 g

. . . . . 2. Electric dipole moment
while for B mesons, similar diagrams to that in Figap P

|mp|y that the amp“tudes are proportiona| to It is well known that the discovery of a nonzero electric
dipole moment(EDM) for the neutron(or another elemen-
G14(09)a1(0N)31G 1509 s1(0Y)1;, (61  tary nondegenerate systemould be a direct evidence for
both CP and T violation. The current experimental upper
for the neutralB4 system, and bound is[19]
— 26
C1(ODar ODaC1s(OD 3Oz, (610 0| <6.3<10" e cm. ©3
In the standard model the neutron EDM arises at the three-
dr,  7ir(or) UL loop level and for this reason it is very smat,10 3% cm
\ | [20].
o : i In the present model we can calculate the EDM of dhe
Y * ?Y andu quarks at the one-loop level. In principle the contribu-
! ! tions are those shown in Figs. 4 and 5. However, we can see
5R G1Gor) @R from the interactions in Eq$40), (42), (449, an_d_(44b) with
the phase conventio,= ¢,=0 and the coefficiena;;=0,
FIG. 3. The box diagram contribution . that neither the diagram in Fig(& nor that in 4b) contrib-
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d J d
(a)
er” ﬁ v
d N2 d
(®)

d.

ute to the EDM of the quarl, thus we havely=0, at this

level of approximation. For the-like quarks we have not
only the diagram in Fig. & but also those like the one in
Fig. 5(b). Here we will show only the contributions from Fig.

FIG. 4. Possible diagram contributing to the EDM of the quarksby MEJ: (92/4)(|Vx|2+ |v

PHYSICAL REVIEW D60 076003

and

Ab=[(my++my)?—ml[(my+—my?—mi], (66)
the 5/3 factor is because of the charge of the qulark-

The measured parameter is the EDM of the neutron which
in the quark model is given in terms of the constituent
quarks’'s EDM:

4 1
d=5 da— 3

1
3 3

dy=-73

=—0.486x10 221G, (OR) 1, (O})11 sind,e cm,
(67)

where we have made the approximatien|~|v,| in order
to use the doubly charged vector bilepton miks, given
,|?), instead ofv,|?+|v,|? in Eq.
(64); andGr/\2=g?%/8M3,. We have used =300 GeV,
My+=100 GeV;m;=50 GeV and|v,|=100 GeV. How-
ever, the value ofl, (or d,) is not sensible to the masses of
the exotic particleamy+, My and m;, at least withMy,
lesser than 10 TeV. It means that the factor

5(a) and its related diagram with the photon attached to thé31.(ORr) a1 (O[)11, for any value of sid,, have to be in-

internal fermion line(recall thatg, = —6,):
. V2G1,(OR) a1 (OY) miv,|

327%(|v |2+ v, |Hm.

u

5
X F+(mu,mJ)+§F_(mu,mJ) singd,, (64)
where
2 2 2
My+ My my +
F.(my,my)=———In— —(mf. =m2—m3)

X In , (65)
mi+ms,—m2—A,
Y- jﬁ ¥
U J U
(a)
y++ ﬁ y
u J12 u
(b)

FIG. 5. Possible diagram contributing to the EDM of the quarks

u.

voked in order to obtain an EDM of the neutron compatible
with the data in Eq(63). This is not in conflict with the
CKM mixing matrix in the charged current coupled to the
vector bosonW= since the later is defined a¥ v
=(OE)T(9“L’. Since in Eq.(67) only the matrix element
(ORr )11 related to theu-like quarks appears and, with the
phase convention used here, the mixing matrices related to
thed-like quarks do not enter at all in this sort of models and
we cannot us&/cxy= 01 as is usually done in the standard
electroweak model. Notice that the mass of the quedioes
not enter in the EDM. This is because the interaction in Eq.
(42) are not proportional to the mass of thdike quarks.

In fact, the matrice® E'd will appear in the neutral cur-
rents coupled to the extra neutral vector bogéh We have

Lo=— 5o [U Y0PV (200,
W

+URY*ORYR(Z)ORUR+D O YP(2)O!D,

+DRrY*ORYR(Z')ORDRIZ,,, (69)
with the matrices
) 1 0 0
YU (2)=YP(z')=——=——| 0 2s5y~1 0
(69)
and
. 100
Sw
YR(Z)==—=——|0 1 0f, (70
Bhsw | 5 o 4
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doubly charged scalar fields.
N The Yukawa couplings of leptons with the doubly
/ Y charged scalars are given in E§3) where the scalar fields
' X are still symmetry eigenstates. In fact, there is one Goldstone
- EF - bosonG™* and a physical on¥ " *; we denote its mass by
(a) my++. (In this model there is not lepton number violation in
the interactions with the neutral scalards we have shown
Y—— in Secs. lll B and IV B it is not possible to absorb all phases
LT in the complete lepton Lagrangian density. Since neutrinos
: are considered massless here, the only contributions to the
/ \ leptonic EDM arise from the doubly charged scalars as
! . shown in Fig. 6. From this we obtain

Yy—— ﬁ’y only through the exchange of both exotic leptons and of

- Ef -
e
® T, A= —— > \2M2G;O, sin(26,), 1=e.u.m.
327T mY++
FIG. 6. Diagrams contributing to the EDM of the charged lep- ()
tons. where we have defined
1 00 2
D 25W 2 4mEj
YR(Z')=——| 0 1 0], O|=E K —2[F+(m,,mEj)+F_(m|,mEj)],
\/§h(sw) 1 ) MG
0 0 (72)
where h(sy)=(1—4s3)Y2 Notice that the right-handed the matrixC has been introduced in Eq&1) and (53);
neutral currents remain diagonal, but it is not so for the left-
h_anded ones. Here the matricé)_ij and O¢ suryive in a m$++ m$++
different form than they appear in thé-x,, matrix. These F.(m ,mEj): - > In—
matricesO}, ©¢, andVxy have to be only determined mp Mg,
from experiment since we cannot set none of them to be 5
diagonal in a natural way. My -+ +
g Y + Y2 (m\2(++im|2_mé)
2meA, ]
B. Lepton sector ) 5 5
. . . + —mi+
Beside the neutron EDM, other ones which are experi- “In Mg, +Mys —mi+ 4 (73)
mentally well studiedalas not definitively yetis the EDM mé+m$++—m|2—A ’
J

of the electron and the muon. It is interesting that the EDM

of the electron @) in the standard model is rather small, of and
the order of magnitude of 210 3% cm[21]. However, the

value ofd, could be even smaller, of the order of T8 cm

if there is a cancellation of the three-loop diagrd@&| even

if QCD corrections are includel@3]. On the other hand, the (74)

experimental upper limit is<4x 10™2’e cm [24]. . d h | he mixi |
Hence, a measurement of a nonzero large electron EDM —Of nondegenerate heavy leptons the mixing angles re-

(and other elementary particles like muon, tau, and neutrorf?@n I Eq.(72). In the following, for the sake of simplicity,

see belowwould indicate new physics beyond the standard/® Will assume thamg <mg,<me, and these heavy lep-

model. tons couple mainly W|th electron muon, and tau respec-
A|though we could haveCP violation in the S|ng|y tiVE'y. For instance, the contribution (ﬁl to the electron

charged scalar sectéif a;y#0), there would be no contri- EDM, using mg =50 GeV andmy.+=100 GeV [26] is

bution to the EDM of the leptons at the one-loop level sincegiven by

neutrinos are massless. If neutrinos remain massless the con-

tribution to the electric dipole moment will arise at the three-

loop level(this also happens in multi-Higgs extensions of the de~10 2

standard mod€]25]). This is not the case for diagrams in-

volving doubly charged scalars and the known leptons and

the exotic onegsee Fig. &. It is always possible to choose AssumingM ;=300 GeV and the factor with the mixing

the doubly charged scalars those fields which carry thISing|ele21< 10! we obtaind,~10 ?’e cm for any value

phase, i.e., theCP violation in the leptonic sector occurs of 6,, which is compatible with the experimental upper limit

A'ZZ[(mYH—’_mEi)z_mlz][(my++—mgi)2—m|2].

2
— K2 sin(26,)e cm. (75)

U
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of 10 %’e cm [24]. However, if we have uset/l ;=3000 sector the Weinberg's three-gluon operators involving neu-
GeV we obtain a, compatible with the experimental data tral Higgs boson exchanges do not contribute to the EDM of
for £2,~1. the neutron at al[33]. There is also no contribution to the
For the muon we have an experimental EDM’s upper lim-EDM of the electron and neutron coming from the diagrams
its of d, < 10 % cm[27]. With Mg, =500 GeV we obtain  of Ref.[34] which involve CP violation in the propagator of
the neutral Higgs bosons and it does not depend on the phase
d,~10 %K%, sin(26,)e cm. (76)  convention since in Eq$26) and(33) phases do not appear
at all; (b) it was suggested in Reff34] that similar contribu-

It means a constraint iC2,~1 and anyd, we obtain & tions to the ones given in Ref§33,34 but mediated by
value smaller than the experimental upper limit. charged scalar could exist. In the present model two loop
For the tau lepton a limit of 10'"e cm is derived from  contribution to the EDMs as those in RER5] do exist but
F(Zﬂff_) [28,29. On the other hand, analyzing the pro- yith top quark substituted by an exotic quark or lepton.

cesse'e —7ry, the L3 Co_II%boratlon has obtained the 5 ever, when they involve a single charged scalardhe
valued,= (O‘O.i 1.5£1.3)x 10" “e cm [30].' In the present is substituted by~ and when they involve a doubly charged
model assumlngnE3=3OOO GeV we obtain scalarsW™ is substituted by atJ ™ ~; hence they are sup-
pressed with respect to the one-loop level contributions by a
factor (My/M,)? in the first case or byNl\,/M)? in the

It means that even i, ~1 for any value ofd,, give a value second one for both the quatkand charged leptons; how-

smaller that the experimental limit. It means that, the talfVer: these are the main contributions to the EDM of the

lepton has not a EDM of the order of the present experimeng'quark since for_this guark the one-loop cont_ribution vanish
tal upper limit, however it still may induce anomalous cou-2t One-level as discussed above) the same diagramibut

plings of theZ boson to fermions which could be seen in without the photoh that i_nduce a EDM fOT fermions W!” .
tau-charm factorie§31] induce phases in the mixing matrices. For instance, radiative

corrections at one-loop level will induce phases in the mix-
Ing matrix in the charge 2/3 sector. However, for the charge
—1/3 sector the phases will be induced only at two-loop
level. The usual Cabibbo-Kobayashi-Maskawa matrix is de-
fined asVekm= (OE)TOE then we can see that phases in this
matrix are induced at 1-loop level. Moreover, since this type
of diagrams are the same which would contribute to the pen-
guin diagram, say of the, parameter, hence there is also
The model ofCP violation of this work seems like an penguin contributions to th€P violating parameters how-
admixture of both spontaneous breaking as in Lee’s two doueVver these are 2-loop contributions. Hence, it means that al-
blets model[3] and the charged-Higgs-boson exchange ofthough arg dé¥l vanishes at tree level, it has contributions
Weinberg’s three doublets orjd]. However, some differ- for the charge 2/3 sector at the one-loop order, and for the
ences are important to be pointed out. In a pure chargedsharge— 1/3 sector at the two-loop leveliv) if we assume
scalar-exchange where the phases are in the coupling cofhat CP is also conserved at the tree level in the pure QCD
stants of the scalar potential it was shown that there is alspart thenfocp=0 at the tree level and= Oocptarg deM
CP violation through the exchange of neutral Higgs bosonswill be finite and calculable. Of course, this is not such a
[32]. This is correct in models with SU(2® U(1)y symme-  natural solution to thed-vacua problem but at least it is in
try with several scalar doublets, that is, with all of themthe same foot than the assumption that all Yukawa couplings
having the same quantum number. For this reason a morgre real at the tree level. In the 3-3-1 model with a scalar
general mixing among the scalar fields of the same charge isextet which is needed in order to give to the charged lepton
possible. In the present model all triplets have differenta mass, it was shown by P86] that a Peccei-Quinn sym-
U(1)y charges and this constrains their interaction termsmetry arise naturally if the trilineanpy is drops out in the
Hence, there is not mixing among the real and imaginary pargcalar potential. However in the present model no sextet has
of the neutral scalar fields even with three scalar triplets apeen added, so there is no such a global symmetry and the
can be seen from Eq¢13) and (18). If we had considered referred trilinear is necessary in order to have the correct
a10# 0 in the scalar potential in E¢2) we would haveCP  VEVs pattern in Eqgs(3).
violation in the propagator of single charged scalars like in  Notice that in theu-quark EDM diagrams in Fig. 5 there
the Weinberg model; however even in this case sincaipe is a vertex that does not depend on any of the fermion mass
term in the scalar potential does not contribute to the maskecause in the model there is flavor violating neutral cur-
matrix of the neutral Higgs there is not mixing among rents. For this reason the EDM is proportional to the VEV
CP-even andCP-odd neutral scalars. We see that in thisv, . This feature is model dependent, for instance, in the
model theCP violation comes only from charged scalars model of Ref[37] the electron’s EDM is proportional to the
exchange. tau lepton mass because none of the Yuakawa interaction is
There are other interesting features of this mof®INo-  proportional to the electron mass. In our case in the lepton
tice that since we have noP violation in the neutral scalar sector the EDM'’s are inversely proportional to the lepton

d,~10 2%2;sin(26,)e cm. (77)

In this model there is no rare decays suchuas 3e at
tree level. However, the same loop diagrams that contribut
for the EDM of the leptons imply transition magnetic and
electric moments, likeuw—ey. However, it will constrain
only the matrix elements(OF)TOF]%; .

VI. CONCLUSIONS
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masses, as can be seen from E@4), (72), and(73). This  the exotic quarks,j;, the exotic lepton&; and the scalars
happens because in our mod@):only one of the vertex in  Y* andY™™; the only complex numbers are the phake
Figs. 6 depend on the known lepton masg@s;there is a appearing in the trilinear term in the scalar potential and the
mass insertion of the exotic lepton; afiii) the other vertex complex VEVs, eventually we have only one phase, &gy
which is proportional to the exotic lepton mass. Hence weafter using the S(B) freedom to eliminate two phases and
have a factom;mZ . Notice that if the contributions in Fig. the constrain equation in E@¢4d). As it was emphasize in

J .
6(a) would involve a neutral scalar the lepton in the internalRef.[35] the calculation of the electron EDM duesolelyto
line could be a known lepton, say, the same that in the exCP violation in the charged Higgs sector has not been study

ternal line, and in the case in the numerator of the expressiol literature (up to their work. Our model it is perhaps, the
for d, it will appearmmZ —m? as is usually the case in first renormalizable electroweak model in which B vio-
J

models whereCP violation arises in the neutral scalar sector lation arise, at the tree levebnly through that sectofthe

as in the first paper in Ref3]. On the other hand, the same models in Refs| 35,39 are effective ones

mass dependence appear in the model of the second refer- With three triplets and one sextet which are needed in the
ence of Ref[3]. All these possibilities occur in scalar medi- fodel of Ref.[39] it is possible to have truly spontaneous

ated CP violation since in this case an exolicit Hiqas- violation of theCP symmetry[8]. In this case, the minimi-
. ) ) — P 995" Zation condition of the scalar potential implies more compli-
fermion coupling flip the chirality. However, it does not

mean that we have a EDM sinqularity for massless fermion cated constraint equations on the imaginary part of the neu-
g y Yral scalars so that two of the phases of the VEV survive in

since a careful study of the EDM expressions shows that w . . X
still have a zero EDM when the fermion masses go to zero’tj;,ieS Lbaegefgﬁﬁ?eg?ﬁgéﬁg]he phenomenology of this model

For instance, in the cagay>mg,m, the F_ +F _ function
defined in Eq.(73) behaves as Inf/mg)—2; on the other
hand for mg>my,m, we have F,+F_x2mi/m2
+ (m2/m2)In(mé/mg); hence in both cased=m, .

This model ofCP violation seems also like a particular ~ This work was supported by Fundexzde Amparo ®es-
realization of the soft superweak model proposed recently bguisa do Estado de Sao PaulAPESH, Conselho Nacional
some author$35,38. In that model the violation oEP is  de Ciecia e Tecnologi#@CNPg, and by Programa de Apoio
due to the couplings of the usual left-handed doublets to a Nicleos de Excélecia(PRONEX. One of ugV.P)) grate-
heavy sector. In our model, the heavy sector corresponds folly acknowledges useful discussions with C. O. Escobar.
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